Introduction
Mutations in mitochondrial DNA protein-coding genes have been shown to be involved in important causes of childhood mitochondrial encephalomyopathies (1) . Of the protein-coding genes, mitochondrially encoded nicotinamide adenine dinucleotide hydrate (NADH) ubiquinone oxidoreductase core subunit 5 gene encodes one of the seven subunits comprising complex I of the electron transport chain. MT-ND5 is recognized as an important gene in the study of the pathogenesis of mutations that affect complex I and result in mitochondrial myopathies, including cardiomyopathies (2) . The phenotypes associated with mutations in the gene are often severe and are clinically associated with a wide range of clinical phenotypes, varying by the age of onset, degree of organ involvement, and degree of myopathy, and include Leigh syndrome and mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) (3, 4) . The clinical, imaging, and genetic heterogeneity of pediatric mitochondrial disorders often poses a diagnostic challenge (5, 6) .
Genome DNA-encoding sequence enriched by exon trapping technology and analysis by whole-exome sequencing (WES), providing explicit sequence information, greatly promoted the diagnosis of genetic diseases. In the present study, WES was used to screen the disease-causing gene mutation of a family with mitochondrial cardiomyopathy, and the pathogenic gene MT-ND5 and a novel mutation c.1315A>G (p.Thr439Ala) were detected.
Methods
Ethical approval and patient consent The Ethics Committee of Zhongshan Hospital, affiliated to Fudan University (no. 2016-16B) approved the study. Consent was obtained from all the individuals involved in the present study, including the family members, and participants agreed to provide blood samples.
Genetic studies of family members
Owing to the possibility of familial cardiomyopathy, the family underwent genetic studies (Fig. 1a) . Detailed clinical data for all members of the family were collected, including physical examination, details of the age of onset of any clinical symptoms, presenting symptoms, serum creatine kinase (CK) levels, cardiac function testing, electrocardiography, and echocardiography and 24-hour Holter monitoring studies, if required (Table 1) .
WES and analyses
The whole exomes of peripheral blood DNA were sequenced from the family members (parent-child trios) using a 39 Mb charge-coupled device capture probe and HiSeq 2500 Sequencing System (Illumina Inc., San Diego, CA, USA) in PE125 formats. The mean coverage of the captured regions was 88× per sample, with 97%-98% exons covered with at least 10× coverage, and an average of 92% vbase call quality of Q30 or greater. Raw sequence reads were mapped against human genome GRCh37 and analyzed using an in-house method that automatically performed BurrowsWheeler Aligner mapping and FreeBayes Variant Calling Protocol, followed by filtering against in-house and public databases and genetic models (autosomal dominant) fitting (7) . Additional automatic filtering was applied to eliminate sequencing artifacts. Gene variants, together with clinical diagnosis keywords, were searched using a review of the scientific and clinical literature (Fig. 2) .
Sanger sequencing and analyses
Sanger sequencing was performed on DNA from probands for genotype confirmation and for the family members for familial co-segregation analysis.
Results
Clinical presentation and investigation of the proband The proband was a 21-year-old man who had limited physical activity since childhood. The patient had an upper respiratory tract infection 1 month prior to hospital admission, followed by palpitations, chest tightness, lower extremity weakness, edema of the lower extremities, fever, cough, expectoration, chest pain, and joint pain. On hospital admission, blood test findings included troponin 0.51 ng/mL, lactic acid 17.0 mmol/L, white blood cell (WBC) count 15.7×10 9 /L, C-reactive protein (CRP) 27.56 mg/mL, troponin 1.41 ng/mL, myoglobin 387.9 ng/mL, lactate dehydrogenase (LDH) 1260 U/L, and brain natriuretic peptide (BNP) 1173 pg/mL. Blood gas analysis studies showed a CO 2 partial pressure of 24.3 mm Hg, with an O 2 partial pressure of 112.0 mm Hg. Following the administration of antibiotics, improving circulation and myocardial function, the patient's temperature returned to normal, and the symptoms of chest tightness decreased slightly. The patient was then discharged from the hospital after administering treatment. Following hospital discharge, the patient still had limb weakness with increased chest tightness that required emergency hospital admission.
Clinical laboratory findings at this time included plasma pH 7.39, WBC count 9.54×10 The proband underwent cardiac magnetic resonance imaging (MRI) examination after admission and showed mild left ventricular diastolic dilation and left ventricular end-diastolic thickness of 17 mm. T2-weighted imaging showed a non-uniform left ventricular myocardial signal, with T2-weighted scattered patchy hyperintensity. Diffusion-weighted imaging showed a slight increase in intensity of the signal in the left ventricular myocardium. However, the imaging signal distribution was uneven, located in the anterior wall, inferior wall, lateral wall, and interventricular septum. Cardiac MRI findings were consistent with cardiomyopathy (Fig. 4) . To exclude respiratory dysfunction and to determine the cause of pulmonary hypertension, pulmonary ventilation function was examined. The results showed normal pulmonary ventilation function. Respiratory pulmonary ventilation/perfusion nuclear imaging showed no signs of pulmonary embolism. Findings of the pulmonary ventilation/perfusion nuclear imaging were consistent with pulmonary hypertension. Examination of the respiratory system showed that the patient had normal respiratory function, indicating that primary pulmonary disease was not the cause of pulmonary hypertension (Fig. 5) .
The proband's sister The proband's 23-year-old sister had poor motor coordination since childhood, was prone to falls, walked slowly, with a left spinal deformity, and had undergone corrective surgery at 12 years. She had a previous emergency hospital admission for sudden loss of consciousness, difficulty in breathing, and limb weakness. On examination, the patient had no spontaneous breathing, and her ECG showed supraventricular tachycardia. The patient required an endotracheal tube and gradually woke up after ventilation-assisted breathing. Clinical findings included CRP 9.32 mg/mL, troponin 0.04 ng/ml, myoglobin 162.8 ng/mL, LDH 2138 U/L, BNP 973 pg/mL, CO 2 partial pressure 74.3 mm Hg, and O 2 partial pressure 187.0 mm Hg. Echocardiography showed mild mitral regurgitation, but the size of the left ventricular chamber was normal, and there was no abnormality in the left ventricular systolic activity, and the LVEF was 62%. The mother and uncles of the proband had very poor exercise tolerance and could not engage in heavy physical activity, but their ECG and echocardiography studies were normal.
We detected the causative MT-ND5 gene mutation of the family with the mutation site c.1315A>G (p.Thr439Ala). Sanger verification showed that both the proband and her maternal members carried the mutation site, which was further confirmed by the clinical diagnosis of mitochondrial cardiomyopathy in this family (Fig. 1b, 1c) .
Urine and blood were analyzed by tandem mass spectrometry (MS/MS), showing that elevated levels of lactic acid, 2-hydroxybutyrate, and pyruvate indicated lactic acid disease; 2-keto-valerate, 2-keto-3-methylvalerate, and glutaric acid increased slightly; and a mildly increased glutarylcarnitine-to-octanoylcarnitine ratio was found. The results of the blood acid alphaglucosidase enzyme activity test were normal. These findings were consistent with respiratory chain metabolic dysfunction. Following treatment with myocardial support to improve circulation, vitamin supplements, and other treatments, the patient's symptoms improved (Table 2) .
On biopsy of the skeletal muscle of the left biceps for frozen section and histochemical staining, pathological findings showed variation in the size of the muscle cells, with many atrophic fibers and "ragged red fibers" and a small number of "ragged blue fibers", which was consistent with the diagnosis of mitochondrial myopathy (Fig. 6 ). In conclusion, combined clinical and laboratory investigations and genetic studies showed a disturbance of respiratory chain metabolism in the proband and relatives. 
Discussion
Mitochondrial cardiomyopathy has only recently been included in the clinical diagnosis and management guidelines in cardiology, but the association with cardiac hypertrophy has been recognized (8) . The diagnosis of heritable mitochondrial cardiomyopathy requires a comprehensive clinical evaluation of the patient and family members, biochemical tests, histopathology, and genetic testing.
As shown in this family study, the proband, who had a lung infection that led to acute mitochondrial energy consumption, developed dyspnea, which became more severe, resulting in heart failure and respiratory failure. However, what was unusual in this case was that active antimicrobial treatment did not alleviate the symptoms of heart failure and pulmonary failure, and the patient's echocardiographic and cardiac MRI findings indicated abnormal cardiac function. Blood and urine analyses by MS/MS supported the diagnosis of a metabolic disorder of the respiratory chain due to an inherited metabolic myopathy. This presumptive diagnosis was supported by histological findings on muscle biopsy, including the finding of "ragged red fibers". Genetic analysis detected the mtDNA mutation and confirmed the diagnosis of mitochondrial cardiomyopathy and hypertrophy, which were further supported when the patient's condition improved following treatment. The present study has demonstrated the importance of understanding the possibility of underlying mitochondrial cardiomyopathy to improve the early diagnosis and treatment of this rare but important condition.
Gene testing has become one of the most reliable methods used in mitochondrial cardiomyopathy research and diagnosis and is helpful in the investigation of family members for detecting gene carriers and for genetic counseling and prenatal diagnosis. However, most patients with genetic mitochondrial cardiomyopathy do not have a definitive genetic diagnosis on clinical presentation. At present, polymerase chain reactionrestriction fragment length polymorphism is used to detect the causative genes (9) . However, this method can only be used for specific mutations and has some limitations for the diagnosis of mitochondrial diseases with different mutations.
Recent studies have confirmed that next-generation sequencing (NGS) could be used to detect mitochondrial gene mutations (10) . NGS is found to be more efficient, more sensitive, and more accurate (11, 12) . Genome sequencing by exon trapping technology and enriched genomic DNA-encoding sequencing GAA -acid alpha-glucosidase then continues the analysis using NGS, providing WES information, which greatly improves the diagnosis of genetic disease (13, 14) . In the present study, NGS was used to detect a novel mutation of MT-ND5 (c.1315A>G and p.Thr439Ala) in the genome of the proband, and findings were validated in members of the family. An increasing number of studies have been published on mitochondrial disease caused by MT-ND5 gene mutations, and among them, c.G13513A is one of the most common point mutations in this gene (15) (16) (17) . Patients with MT-ND5 gene mutations often exhibit mitochondrial encephalomyopathy, lactic acidosis, and MELAS and Leigh syndrome (LS) overlap, whereas cardiovascular and respiratory involvement is rare. Mitochondrial disease caused by mutations in the ND5-related genes has been reported previously, with the central nervous system and skeletal muscle involvement as the main clinical manifestations (18) (19) (20) (21) . In the present study, the mitochondrial cardiomyopathy in this family was caused by a novel mutation in the ND5 gene. The proband and his sister had adultonset symptoms, with cardiovascular and respiratory involvement at the initial presentation. Heart failure and respiratory failure are usually the main symptoms, with no neurological impairment, which is rare in previously reported mitochondrial diseases.
To our knowledge, this mutation has not been previously reported. The mechanism of the pathogenesis of the MT-ND5 c.1315A>G mutation remains to be studied. It is possible that this mutation prevents NADH oxidation and mitochondrial proton electrochemical gradient change and increases the formation of oxygen free radicals, resulting in respiratory chain complex I dysfunction and affecting energy metabolism. Increased oxygen free radicals oxidize cell membranes, lipids, proteins, and DNA, and the respiratory chain complex I is also a target of oxygen free radical destruction, thus forming a vicious cycle, eventually leading to cell necrosis. It is possible to hypothesize that the clinical finding reported in the proband with abnormal breathing was mainly caused by an energy metabolism disorder of the respiratory muscles, with abnormalities of the heart due to genetic mitochondrial cardiomyopathy.
Study limitations
The pathogenic mechanism of this mutation is yet to be further verified on animal models. The patient's complex clinical manifestations are subject to further observation and follow-up to determine the possible interrelationships between them.
Conclusion
A novel mutation of MT-ND5 of c.1315A>G was detected in a mitochondrial myopathy family by WES. It provided a basis for the genetic diagnosis of the disease and contributed to understand the disease comprehensively.
